VOLUME 9, N° 4 2015 11 tiple narrow slices, which can be considered as airfoils. Viscous effect of the fluid causes the drag and additional (beyond inviscid) lift force on the body, taken into consideration through simplified models including coefficients dependent on Reynolds number, without taking into account, for example, the configuration of the arm. However, there are results showing that drag and lift coefficients are not configuration independent [5] .
Modeling of the Flow Around the Robotic Arm. Case Study
The manipulator under consideration shown in Fig. 1 consists of three links with diameters of
Introduction
Remotely operated manipulators are nowadays standard equipment for several underwater ROV (Remotely Operated Vehicles), as they offer underwater robots more flexibility and wider range of application, e.g. in picking up objects from the bed, joining parts, drilling… Industrial robots and manipulators operate in atmosphere which is much lighter than a rigid body. In underwater applications the density of water is comparable with the density of the manipulator and additional effects of hydrodynamic forces appearing in the system have to be taken into consideration, especially for fast, high performance manipulators, for which large hydrodynamic forces and torques may develop inducing unwanted motions [1] . The hydrodynamic effects on the manipulator are significant and affect the ability to achieve precise control [2] . The control of underwater robots and manipulators is, moreover, extremely difficult due to additional complex hydrodynamic loads including currents and wakes caused by nearby structures.
In a context of automatic control the hydrodynamic contribution to the forces acting on a system cannot be obtained from the continuity equation and the Navier-Stokes equations of motion, because they are ill-suited for on-line calculations. Hydrodynamic forces are taken into account through so called "added mass" contribution computed from the strip theory as a quotient of the hydrodynamic force divided by the acceleration of the body [3] . The added mass approach means that there is also an added Coriolis and added centripetal contribution.
Strip theory originates from potential flow background for 2D inviscid flows, and was extended semiempirically to three dimensions [4] . Under the strip theory approach, the solid body is divided into mul-8.4 cm. The lowest link is 0.43 m long, the middle one -0.45 m, and the upper link has the cylindrical part of the length of 0.4 m. Two lower links of manipulator were kept unchanged. The modes of manipulator configurations are characterized by different arrangements of the third upper link inclined at seven angles q 3 to the second (vertical) link: -135°, -90°, -45°, 0°, 45°, 90°, and 135°. Positive value of an angle q 3 is measured in counter-clockwise direction with respect to the z 3 axis. The location of the arm with reference to the free stream of water is presented in Figs. 1  and 2 . In a way, the angle q 3 becomes then an indicator of arm position, relative to the velocity of the current which is oppositely directed to the x axis of the external system of coordinates (Fig. 1) .
The computational domain in the shape of a box has been bounded only by the flat base of 8m long and 3m wide, considered as a solid wall. The arm is attached to the base in the middle of the width of the base at a distance of 2.5 m from free current inlet, as it is shown in Fig. 2 . The 1/7th power law was used to specify turbulent velocity profile at the inlet to the domain. The other sides of computational domain of the height of 2.5 m were in contact with surrounding flowing water, i.e. the backflow to the domain may occur with the direction determined using the direction of the flow in the cell layer adjacent to the boundary.
Gulf Stream, Kuroshio, Agulhas, Brazil, and East Australian Currents flow at speeds up to 2.5 m/s. The strongest tidal current in the world, the Saltstraumen, flows at speed reaching 41 km/h (11.4 m/s). current speeds were equal to 8 400, 42 000, 84 000 and 126 000, respectively.
The steady-state, incompressible viscous flow around a manipulator is described by the continuity equation and the Navier-Stokes equations of motion. The direct numerical simulations of N-S equations, where all the scales of the turbulent motion are resolved, exceed the capacity of currently existing computers, and then the governing equations have to be transformed to the Reynolds Averaged Navier-Stokes (RANS) equations:
where x i , x j are the Cartesian coordinates, u i , u j are mean velocity components in X, Y and Z, directions, u' i , u' j are the fluctuating velocity components, r is the density of fluid, p is the pressure, m -the viscosity.
The terms ( ), called the Reynolds stresses, must be modeled in order to close the problem. Usually they are modeled utilizing the Boussinesq hypothesis:
, (3) where m t is the turbulent viscosity, k -turbulence kinetic energy, and d ij is the Kronecker's delta.
The ways in which turbulent viscosity m t and turbulent kinetic energy k are computed are called models of turbulence. In the present study the standard k-e model of turbulence was applied, for its robustness, economy, and reasonable accuracy for fully turbulent flows. The standard k-e model is combined of two transport equations for the turbulence kinetic energy (k) and its dissipation rate (e):
, (4) and (5) where C 1ε = 1.44, C 2ε = 1.92, s k = 1.0 and s ε = 1.3 are the model constants. The term G k represents the generation of turbulence kinetic energy due to the mean velocity gradients evaluated as:
, (6) where is the modulus of the mean rateof-strain tensor.
In this model the turbulent viscosity is computed as follows:
where C µ = 0.09 is a constant.
The ANSYS CFD (ANSYS Inc., Canonsburg, Pennsylvania, USA) software was used to perform simulations. For the computational domain with different manipulator configurations the set of eight meshes of approx. 9 500 00 ÷ 11 500 000 elements were generated using cut-cell method. Figure 3 shows an example of the computational grid near the manipulator for configuration mode described by q 3 = 135°.
Simulations were carried out in Parallel Fluent 16.0 (which implements the control volume method) with twelve parallel processes by utilizing the SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equations), a second order spatial pressure discretization and second order upwind discretization schemes for momentum equations and for the model of turbulence.
This research has been focused on the calculations of torques exerted by the current of water about three z axes in local reference frames assigned to the arm links, as they are shown in Fig. 1 . Going from top to bottom, the torque t 3 was calculated taking into account pressure and shear stress distributions along the surface of upper link about z 3 axis. The torque t 2 includes hydrodynamic effects (due to pressure and shear stresses) on the two upper links with respect to z 2 axis and the torque t 1 -describes the action of water on the whole manipulator about z 1 axis. They can be considered as joint torques experienced by the manipulator placed into the current of water and which have to be compensated by motors in order to maintain the positions of the links.
Moments (torques) of pressure and viscous forces along a specified axis are determined as the dot products of a unit vector in the direction of the axis and the net values of the moments computed by summing the cross products of the position vector of the pressure and viscous forces origins with respect to the moment center with the pressure and viscous force vectors for each boundary cell-face belonging to the discretized surface of the arm. In order to investigate the effect of the size of the domain and the computational mesh resolution on the results of simulations the domain and grid independence study were conducted.
Domain dependence was checked quantitatively in a series of simulations carried out for particular arm configuration described by q 3 = -22.5°, for current speed V = 0.75 m/s and for different sizes of the domain: the length l, the width w and the height h shown in Tab. 1. Domain dependence factor was defined as:
where t 1 , t 2 , t 3 are torques obtained for different sizes of the domain, j is an indicator of the torque (1, 2 or 3), i -stands for a serial number of the domain (see Tab. 1), t j (r) is the "j" torque computed for the reference "r = 5" domain of maximum size 11 m×5 m×3.5 m. The domain selected for computation is indicated by No. 1 in Tab. 1 (size: 8 m×3 m ×2.5 m). The relative difference of torques for actual domain computed with reference to those obtained for the domain of maximum size was equal to 5.75% for t 1 , and was equal or less than 2.5% for t 2 and t 3 . The most important geometrical feature of the domain was its length. It was selected as a compromise between the need to capture all the structures of the flow and the capacity of available computers. Vortex structures (Fig. 2) forming the wakes shedding from the manipulator for actual computational domain and for the reference one are very similar in shape and the length of the wake is almost the same (vorticity contours were drawn at the same locations in both cases), so it can be stated that the actual computational domain was made long enough to capture all the features of the flow.
Grid independence study was performed for the position of the arm indicated by q 3 = 45° and for current speed V = 1m/s, comparing resulting torques t 1 , t 2 , t 3 , obtained for meshes of different resolutions, as it is shown in Tab. 2. Grid independence factor was defined in the same way as domain dependence factor (8) , except that i -stands for a serial number of the mesh (Tab. 2), t j (r) is the "j" torque computed for the reference "r = 4" grid of maximum number of cells. As can be seen in Tab. 2, grid independence factor constantly decreases with increasing number of cells and for two finest meshes of cell numbers 6142455 and 9751800, the relative differences of the torques were less than 1.6%. In order to better capture the flow structures, the finest mesh (No. 4) was selected and, consequently, the number of cells for all computational cases was kept in the range of 950000 ÷ 11500000 cells. 
Results and Discussion
The results of calculations are summarized in Tab. 3 for four velocities of the current and for seven configuration modes of the robotic arm. The obvious conclusion is that the largest torques appear for the greatest current speed (1.5 m/s), but the effect of configuration mode of the manipulator is not so evident. All the configurations of the manipulator induce negative moments about the lower link (z 1 axis). The highest negative t 1 is observed for q 3 = -45°and -135°, that is when the upper arm is inclined upstream at an angle of 45° to the top or to the bottom of the free stream.
All the torques t 2 computed from pressure and shear stress distributions along two upper links are positive. The highest t 2 are located in the range of q 3 between -45° and +45°. The lowest torque t 2 appears for q 3 = -135°, that is when the upper link is inclined upstream to the bottom. The torque t 3 changes its direction determined by the position of the upper link and the current speed. It remaines positive in almost all cases for q 3 between -45° and +90°, and negative in almost all cases for q 3 = -90°, -135° and 135°.
The obtained magnitudes of joint torques can be used as interpolation points in procedures generating the interpolation functions for computing t 1 , t 2 and t 3 at intermediate values of current speeds and in inter- figure 8 the areas of positive and negative moments were separated by thicker zero-torque isolines in order to show the relationship between them better and to indicate, when the motor has to change the direction of rotation. The results of the present calculations allow assessing how much the hydrodynamic forces impact the torques required to be supplied by motors. In control applications the joint moments to be compensated due to hydrodynamic loads can be obtained by using simple interpolation procedures utilizing, for example, bicubic 2D splines [11] .
The hydrodynamic torques is caused by pressure and shear stress distributions along the surface of the manipulator links. The effect of pressure is much higher than that of shear stresses. Figures 4 and 5 present the pressure and wall shear contours on the robotic arm, obtained for speed current V = 1 m/s and for all considered configuration modes. The contours are seen from the direction different in each figure and most convenient in each case. The external system of coordinates placed near the arm indicates the position of the manipulator in relation to the current.
Generally, the pressure is at its highest on the surfaces that are facing the current, and at its lowest on sides' transversal to the current and on the sharp edges of the arm, that is in regions of the maximum velocity gradients and separation. They are also the areas of the maximum shear stresses as it is clearly seen in Figs. 4 and 5. The biggest pressure difference for current speed V = 1m/s was found to be approx. equal to 1200 Pa. Maximum values of positive gauge pressure were found to be about 350÷450Pa (depending on the configuration mode) on the upstream sides of the arm, and the greatest absolute value of the negative gauge pressure rose to about 1000Pa on the sharp edges of the third link, where the maximum velocities and shear stresses appeared (approx. 15 N/m 2 ). Wake formation in the flow around the manipulator strongly affects the hydrodynamic forces and torques. The strip theory used to compute the added mass, drag and lift forces oversimplifies the flow patterns and interaction effects caused by changing geometry of the arm during its work. In the present simulations different wake patterns were observed depending on different configurations. One of them, for the intermediate configuration q 3 = -22.5° and for current speed V = 0.75m/s, is presented in Fig. 2 as contours of vorticity shedding from the links.
Conclusions
CFD analysis has been performed to investigate the flow around the three-link manipulator placed in the current of water. ANSYS Fluent software was used to predict the flow structure near the manipulator arm and to compute the hydrodynamic torques in several configurations of the underwater manipulator and for several velocities of the current flowing around it.
The hydrodynamic torques computed in this study may be applied as external loads to dynamic model of the manipulator in order to obtain more accurate and The results can be applied in robotic models to define control strategies that will take into account the hydrodynamic forces computed for different modes of arm configurations and velocities of current with application of interpolation functions. In the table 4 the joint torques computed for an intermediate position of the last link (q 3 = -22.5°), when the upper arm is slightly inclined upstream as one can see in Fig. 2 , and for intermediate current speed V = 0.75 m/s by using the CFD approach and bicubic 2D splines [11] are presented. Relative differences between CFD calculation and the values interpolated from the data presented in Tab. 3 are less than 10%. There is also a possibility of obtaining the lift and drag forces and consequently added mass for each link of the manipulator more accurately than from the strip theory and utilizing them in modeling of the dynamics of manipulator.
Underwater manipulators are usually sturdier than presented one, symmetrical in shape in most cases, and with, usually, not cylindrical links. The manipulator under investigation is based on UR 5 with cylindrical links, and it is non-symmetrical in shape. These features may give us many benefits in our investigations. Firstly, non-symmetrical shape of the arm allows us to investigate the effect of hydrodynamic load in more general way. Then cylindrical links enable us (in future works) to compare the hydrodynamic loads computed through numerical approach with results obtained via standard added mass calculations, which are more suited for links of robotic arm shaped cylindrically.
This paper presents just the first step in understanding of hydrodynamic loads on the underwater robotic arm via numerical simulations, because it concerns only on the steady-state flow around different configurations of the last link of the arm. In the future, we will focus on the determination how the motion of the arm may affect the magnitude and direction of joint torques which in turn may give us information about the range of current speeds and velocities of the last link for which the flow might be considered as steady-state.
